Protein kinase inhibitors can be effective in treating selected cancers, but most suppress several kinases. Imatinib mesylate has been useful in the treatment of Philadelphia chromosome-positive chronic myelogenous leukemia and B cell acute lymphoblastic leukemia through the inhibition of BCR-ABL tyrosine kinase activity. Imatinib mesylate has also been shown to inhibit KIT, ARG, and platelet-derived growth factor receptors ␣ and ␤, and potentially other tyrosine kinases. We have produced a mutant allele of BCR-ABL (T315A) that is uniquely inhibitable by the small molecule 4-amino-1-tert-butyl-3-(1-naphthyl)pyrazolo[3,4-D]pyrimidine and used it to demonstrate that sole suppression of BCR-ABL activity was insufficient to eliminate BCR-ABL ؉ KIT ؉ -expressing immature murine myeloid leukemic cells. In contrast, imatinib mesylate effectively eliminated BCR-ABL ؉ KIT ؉ -expressing leukemic cells. In the cellular context of mature myeloid cells and Pro͞Pre B cells that do not express KIT, monospecific BCR-ABL inhibition was quantitatively as effective as imatinib mesylate in suppressing cell growth and inducing apoptosis. These results suggest that the therapeutic effectiveness of small molecule drugs such as imatinib mesylate could be due to the inhibitor's ability to suppress protein kinases in addition to the dominant target.
D
eregulation of protein kinase activity has been shown to induce cell proliferation, suppress apoptosis, and block differentiation leading to carcinogenesis (1) . Small molecule inhibitors with specificity toward suppression of particular oncoprotein kinases such as epidermal growth factor receptor, Flt-3, and BCR-ABL have helped to demonstrate that deregulated kinase activity of these proteins is critical for the development of specific cancers (2) (3) (4) .
BCR-ABL is the fusion gene product of the Philadelphia (Ph) chromosome generated from a reciprocal translocation between chromosome 9 containing the tyrosine kinase ABL and chromosome 22 with the BCR gene (5, 6) . BCR-ABL tyrosine kinase activity has been shown to be essential for the induction of in vitro cellular transformation (7) and in vivo leukemogenesis (8, 9) . Deregulated BCR-ABL tyrosine kinase activity accounts for Ͼ90% of chronic myelogenous leukemia (CML) cases and 5-15% of acute B cell lymphoblastic leukemias (B-ALL) (10) .
Suppression of BCR-ABL tyrosine kinase activity by imatinib mesylate (Gleevec, ST1571, or CP57148B) has been shown to correlate with hematological remission in Ph positive CML and B-ALL patients (3) . However, imatinib mesylate can suppress the tyrosine kinase activity of KIT, platelet-derived growth factor receptors, c-ABL, and c-ARG, in addition to BCR-ABL (3) . The effectiveness of imatinib mesylate could be due to inhibition of other kinases, in addition to BCR-ABL, dependent on patterns of expression.
KIT has been shown to be up-regulated and activated by BCR-ABL (11, 12) . A recent study of Ph ϩ CML patients revealed that 6 of 80 patient cell samples contained activating mutations in KIT (13) .
BCR-ABL tyrosine kinase activity is essential for in vitro cellular transformation, in vitro myeloid progenitor cell expansion, and B-ALL development (3, 14) . New small molecule inhibitors that suppress BCR-ABL tyrosine kinase activity, such as pyrido [2,3-d] pyrimidine inhibitor analogues, have been developed (15) (16) (17) , which block at least BCR-ABL and KIT.
Inhibitors with monospecificity toward engineered protein kinase alleles have been developed. These protein kinases generally contain a glycine or alanine silent mutation within a conserved residue in the ATP-binding pocket that does not alter phosphoacceptor specificity or biological function of the kinase (18) . These mutant kinases possess an expanded ATP-binding site that sensitizes the kinase domain to inhibition by bulky inhibitors that cannot bind WT kinase domains (18) . Oligonucleotide DNA arrays used to measure genome-wide transcription demonstrated that these mutant kinases regulated a very similar set of genes as the WT kinase (19) .
Specificity of these inhibitors has been well documented. v-SRC, CamKII, and CDK2 containing an amino acid substitution in the conserved ATP binding site have been shown to be selectively inhibited by C-3 pyrazolo[3,4-D]pyrimidinederivatized inhibitors (18) (19) (20) . These inhibitors have been demonstrated to selectively suppress kinase activity of protein kinase A (PKA) and v-erbB inhibitor-sensitized forms (21, 22) . Inhibitor administration suppressed the growth of NIH 3T3 cells expressing a v-erbB inhibitor-sensitive form and not v-erbB WT form in mice injected s.c. with these cells (22) . Primary T cells expressing large amounts of an inhibitor sensitive form of LCK were shown to developmentally progress upon drug addition coincident with suppression of kinase activity (23) .
We applied this technology to examine cellular responses caused by BCR-ABL inhibition versus those caused by inhibition of BCR-ABL, KIT, and potentially other kinases by the drug imatinib mesylate. Monospecific inhibition of BCR-ABL tyrosine kinase activity was sufficient to abrogate expansion of cells directly dependent on BCR-ABL activity for growth and survival. However, BCR-ABL-induced in vivo myeloproliferative disorder (MPD) progenitors that also used KIT signaling pathways for cellular expansion continued to grow in the presence of monospecific BCR-ABL inhibition. These cells were eliminated upon imatinib mesylate addition. These results demonstrate that sole BCR-ABL inhibition is insufficient to eliminate all BCR-ABL-expressing progenitors and suggests that part of the efficacy of imatinib mesylate in treating CML may be due to the inhibitor's ability to suppress multiple kinases.
Materials and Methods
Generation of BCR-ABL T315A Form. The 5Ј primer GAAGACTG-CAGTCATGAAAGAGATCAAAC and 3Ј primer CCCG-TAGGTCATGAACTCTGCGATG, containing a mutation of Abbreviations: Ph, Philadelphia; CML, chronic myelogenous leukemia; ALL, acute lymphoblastic leukemia; B-ALL, B cell ALL; MPD, myeloproliferative disorder; EGFP, enhanced GFP; NaPP1, 4-amino-1-tert-butyl-3-(1-naphthyl)pyrazolo [3,4-D] pyrimidine; PARP, poly(ADP ribose) polymerase. ¶ To whom correspondence should be addressed. E-mail: owenw@microbio.ucla.edu.
© 2004 by The National Academy of Sciences of the USA 315 (ACT) threonine to 315 (GCA) alanine, were used to convert p210BCR-ABL WT to p210BCR-ABL T315A (numbering of ABL is based on isoform 1a throughout). The 85-bp PCR fragment contained BspHI sites at both ends and was cloned into a 3Ј BCR-ABL fragment cut with BspHI. This mutant 3ЈABL fragment was subsequently cut with EcoRI and HindIII and directionally cloned into a 5Ј BCR-ABL fragment cut with EcoRI and HindIII in the pMSCV vector. Sequencing verified the presence of the T315A mutation in the BCR-ABL clone.
Generation of Virus Stocks, BCR-ABL-Expressing BaF3 Cells, MPD, and B-ALL. The retroviral vector pMSCV (24) containing a 5Ј LTRdriven BCR-ABL internal ribosome entry site enhanced GFP (EGFP) was used to generate high-titer helper-free retrovirus stocks prepared by transient cotransfection of 293T cells (25) . Generation of BCR-ABL-expressing BaF3 cells (26) and BCR-ABL-induced MPD (27) were as described. MPD was transferred into secondary recipients with 10 6 frozen splenic cells from primary recipients being injected intravenously into Balb͞C sublethally irradiated at 450 rad. Generation of BCR-ABL-induced B-ALL was as described (28) except that primary BCR-ABL-expressing Pro͞Pre B cells were cultured for 2 weeks before transplantation into mice. Flow cytometry, pathological evaluation, and cell morphology analyses were conducted as described (26) (27) (28) .
Inhibitor Studies. In BCR-ABL-expressing MPD cells, cultures were set up at 10 6 cells per well of a six-well plate from frozen samples and cultured in Iscove's modified Dulbecco's medium͞ 10% FBS͞50 ng/ml stem cell factor (R & D Systems catalog no. 455MC). BCR-ABL-expressing BaF3 cells and Pro͞Pre B cells were maintained as described (28) . Imatinib mesylate was dissolved to 10 M in water and stored at 4°C. NaPP1 (4-amino-1-tert-butyl-3-(1-naphthyl)pyrazolo [3,4-D] pyrimidine) was made as described (18) and dissolved to 10 M in DMSO and stored at 25°C. ACK45 (BD Pharmingen catalog no. 553867) was used at 10 g͞ml. Inhibitors were added daily at described concentrations, and control cells were given an equivalent volume of DMSO.
Cell Cycle, Apoptosis, and Protein Analyses. Cells were incubated with Hoechst dye 33342 in Hanks' balanced salt solution (HBSS) at 10 g͞ml at 37°C for 30 min followed by one wash with ice-cold HBSS. Cells were subsequently stained for surface markers as described (26) (27) (28) . Apoptosis analysis was performed as described (26) . Immunoblotting was performed as described (26) with the addition of antibodies: BAX (catalog no. 2772), BAD (catalog no. 9292), cleaved caspase 3 and 7 (catalog no. 9915 kit), and cleaved poly(ADP ribose) polymerase (PARP) (catalog no. 9544) from Cell Signaling Technology (Beverly, MA); cyclin D2 (sc 593), cyclin D3 (sc 182), CDK4 (sc 260), and p27KIP (sc 528) from Santa Cruz Biotechnology; cyclin E (catalog no 06-459) and A (catalog no. 06-138) from Upstate Biotechnology (Lake Placid, NY); and CDK2 (catalog no. 610145) from Transduction Laboratories (Lexington, KY). Antibodies were used according to manufacturers' protocol.
Results
The Small Molecule Inhibitor NaPP1 Selectively Suppresses a BCR-ABL T315A Inhibitor-Sensitive Form Without Affecting WT BCR-ABL or KIT Activity. We engineered a BCR-ABL T315A allele (ABL isoform 1a numbering) containing a silent mutation in the ATP-binding site corresponding to v-SRC I338G, c-ABL T315A, and CDK2 F80A mutations shown to be sensitive to inhibition by C-3 derivatized pyrazolo [3,4-D] pyrimidine-based inhibitors (18, 19, 29) . This BCR-ABL T315A form was constructed into the murine stem cell virus internal ribosome entry site EGFP retroviral vector (27) .
BCR-ABL T315A expression in the IL-3-dependent Pro-B BaF3 cell line led to elevated BCR-ABL tyrosine phosphorylation and IL-3-independent cell growth, similar to BCR-ABL WT (Fig. 1 ). NaPP1 (10 M) inhibitor was sufficient to suppress BCR-ABL T315A tyrosine phosphorylation in levels similar to 10 M imatinib mesylate ( Fig. 1 A) . NaPP1 was unable to suppress BCR-ABL WT tyrosine phosphorylation unlike imatinib mesylate, demonstrating NaPP1 selectivity for inhibiting the BCR-ABL T315A form ( Fig. 1 A) .
These BCR-ABL expressing BaF3 cells expressed extremely high levels of BCR-ABL, and 1 M concentrations of NaPP1 or imatinib mesylate was inefficient at inhibiting all BCR-ABL tyrosine phosphorylation (Fig. 1 A) . NaPP1 concentrations Ͼ2 M can be generally toxic to cells (C. Zhang and K.M.S., unpublished observations). To determine whether the maximum dose of 2 M NaPP1 or imatinib mesylate was sufficient for inhibiting BCR-ABL T315A and WT activity, we generated BaF3 cells that express lower levels of BCR-ABL by fluorescence-activated cell sorting and used them as described below.
Concentrations of 2 M NaPP1 or imatinib mesylate suppressed BCR-ABL T315A-induced IL-3-independent cell growth by Ͼ10-fold (Fig. 1B) . Concentrations of 2 M NaPP1 did not suppress BCR-ABL WT-induced IL-3-independent cell growth, unlike 2 M imatinib mesylate, demonstrating specific- Fig. 1 . NaPP1 selectively suppresses BCR-ABL T315A-induced tyrosine phosphorylation and cytokine-independent growth without affecting BCR-ABL WT. (A) Concentrations (1 and 10 M) of NaPP1 and imatinib mesylate were added to BCR-ABL T315A and BCR-ABL WT expressing BaF3 cells in the presence of 1% WeHI IL-3 containing medium, and total levels of tyrosine phosphorylation and BCR-ABL expression were measured 24 h after inhibitor addition as described (26) . Equivalent volumes of DMSO were added to control cells. (B) Concentrations (2 M) of NaPP1 and imatinib mesylate were added to BCR-ABL T315A and BCR-ABL WT expressing BaF3 cells in the absence of WeHI IL-3 containing medium every 24 h, and cell counts as measured by trypan blue exclusion were obtained 48 h after inhibitor addition. One set of data from a representative experiment repeated three times is shown.
ity of NaPP1 at selectively inhibiting the BCR-ABL T315A form (Fig. 1B) .
KIT can be up-regulated and activated by BCR-ABL (11, 12) , and some CML patients have activating mutations in KIT (13) . These results bring into question whether the effectiveness of imatinib mesylate in treating Ph ϩ patients is due to the inhibitor's ability to suppress both BCR-ABL and KIT or solely BCR-ABL tyrosine kinase activity. To determine whether NaPP1 could be used to selectively inhibit BCR-ABL T315A activity without affecting KIT signaling, we examined whether NaPP1 was capable of suppressing KIT activity, similar to the KIT monospecific inhibitor ACK45, a monoclonal antibody directed to the ectodomain of the receptor (ACK45 product 553867, BD Pharmingen), and the BCR-ABL and KIT inhibitor imatinib mesylate.
WT KIT was introduced to BaF3 cells, which do not express KIT. ACK45 and imatinib mesylate suppressed stem cell factor (SCF)-induced KIT tyrosine phosphorylation and IL-3-independent growth (Supporting Text and Fig. 6 , which are published as supporting information on the PNAS web site). NaPP1 did not demonstratively inhibit SCF-induced KIT activation (Supporting Text and Fig. 6 ).
BCR-ABL T315A Generates a Transplantable MPD similar to BCR-ABL
WT. To critically determine whether BCR-ABL T315A had similar in vivo oncogenic effects as BCR-ABL WT, we compared BCR-ABL T315A and BCR-ABL WT expression for the development of a murine MPD. All mice transplanted with either BCR-ABL T315A (4) or BCR-ABL WT (3) transduced hematopoietic stem cell and progenitor-enriched populations developed indistinguishable fatal MPDs (Fig. 2A) . Both groups of mice succumbed to disease 10-16 days after transplantation with enlarged spleens weighing up to 1,000 mg, leukemic cell infiltration in the liver and spleen (data not shown), and pulmonary hemorrhages. The small significant difference in time to death, as analyzed by log rank test, is likely due to differences in virus titers used in the experiment. Both groups had a dominance of leukemic cells (50-90%) in the peripheral blood, spleen, and bone marrow (Fig. 2B and data not shown) . A total of 55-75% of the cells were composed of mature leukemic myeloid cells characterized by EGFP expression and CD11b expression, with undetectable expression of KIT, B220, Ter-119, CD4, or CD8 (Fig. 2C and data not shown) . A total of 7-15% of cells had BLAST-like morphology and expressed EGFP and KIT in the absence of other mature cell markers, which is suggestive of immature leukemic progenitors (Fig. 2 B and C and data not  shown) .
BCR-ABL T315A-expressing primary leukemic spleen cells were transplanted into secondary recipients and generated phenotypically indistinguishable MPDs in 10 of 10 mice 3-4 weeks after transplantation (Fig. 2B) . Leukemic cells from secondary recipients were largely composed of BCR-ABL-expressing mature myeloid cells with a small population of BCR-ABLexpressing hematopoietic progenitors similar to the population of primary leukemic cells (Fig. 2C ). These results demonstrate that BCR-ABL T315A generates a MPD phenotype indistinguishable from that of BCR-ABL WT.
Imatinib Mesylate Eliminates a Wider Range of BCR-ABL T315A-
Expressing MPD Cells Than NaPP1. To examine whether BCR-ABL inhibition alone was as effective as both BCR-ABL and KIT inhibition in suppressing BCR-ABL induced MPDs, the expansion of BCR-ABL T315A-expressing primary splenic MPD cells 48 h after NaPP1, ACK45, NaPP1 plus ACK45, or imatinib mesylate addition was analyzed. Imatinib mesylate suppressed cell expansion 5-fold, a level similar to both NaPP1 and ACK45 addition (Fig. 3A) . However, sole inhibition of BCR-ABL T315A by NaPP1 consistently suppressed cell expansion to a lesser degree of 3-to 4-fold (Fig. 3A) . Specific KIT inhibition by ACK45 led to a slight reduction in cell expansion (Fig. 3A) . These results suggest that there may be a BCR-ABL-and KIT-expressing MPD population that is resistant to elimination by sole BCR-ABL inhibition and may require both BCR-ABL and KIT inhibition for elimination.
To investigate whether NaPP1, ACK45, NaPP1 plus ACK45, and imatinib mesylate inhibitors differentially eliminated specific populations of primary MPD cells, the distribution of BCR-ABL T315A-expressing KIT-and CD11b-positive live cells 48 h after inhibitor addition was examined. Imatinib mesylate or NaPP1 plus ACK45 addition to cell cultures similarly lead to a dramatic reduction in the percentage of BCR-ABL-and KITexpressing progenitors from 15-17% to between 0.7% and 2% (Fig. 3B) . Surprisingly, NaPP1 did not lead to a demonstrable decrease in the percentage of BCR-ABL T315A-and KITexpressing progenitors (Fig. 3B ). ACK45 addition reduced the percentage of BCR-ABL T315A-and KIT-expressing progenitors to between 6% and 7% (Fig. 3B ). These results demonstrate that elimination of BCR-ABL-and KIT-expressing progenitors requires both BCR-ABL and KIT inhibition.
These results are in contrast to BCR-ABL T315A expression in the cellular context of more mature myeloid cells, where NaPP1 was quantitatively as effective as imatinib mesylate or NaPP1 plus ACK45 at reducing the percentage of live CD11b-expressing cells from 69-65% to 55% 48 h after inhibitor(s) (27) . Cell morphology (B) and cell surface expression (C) of CD11b and KIT in leukemic cells from mice transplanted BCR-ABL T315A expressing cells were conducted as described (26 -28) . Similar patterns of expression were observed for BCR-ABL WT cell populations. Slides were photographed at ϫ1,000. Cytospins and flourescence-activated cell sorter plots represent an animal from each group, and similar results were obtained in all leukemic mice from each group. addition and increasing the fraction of sub-G 1 apoptotic cells to 28-29% (Fig. 3B ). In this cell population, which does not express KIT (data not shown), ACK45 did not lead to a demonstrable decrease in the percentage of mature myeloid cells or increase apoptotic cells (Fig. 3B) .
Simultaneous KIT and BCR-ABL Inhibition Has a Synergistic Effect in Cell Cycle Suppression and an Additive Effect in Apoptotic Induction
of KIT-Positive MPD Cells. CML inhibitors have been shown to suppress leukemic cell expansion by both suppressing cell proliferation and inducing apoptosis (3). We examined the contribution of selective BCR-ABL, KIT, and BCR-ABL plus KIT inhibition in reducing the percentage of cells in the S͞G 2 ͞M phase of the cell cycle and in inducing cell death in specific KITor CD11b-positive MPD populations.
NaPP1 or ACK45 addition reduced the percentage of KITpositive cells in the S͞G 2 ͞M phase of the cell cycle by 2-fold (Fig.  4A) . In contrast, imatinib mesylate or NaPP1 plus ACK45 reduced the percentage of KIT-positive cells in the S͞G 2 ͞M phase of the cell cycle by 10-fold (Fig. 4A) . NaPP1 or ACK45 addition induced apoptosis in 3-4% of KIT-positive MPD cells (Fig. 4B) . Imatinib mesylate or NaPP1 plus ACK45 addition induced apoptosis in 9% of KIT-positive MPD cells (Fig. 4B ). These results demonstrate that BCR-ABL and KIT inhibition have a synergistic effect at blocking S͞G 2 ͞M-phase cell cycle progression and an additive effect in apoptotic induction of KIT-expressing MPD cells.
In the cellular context of mature myeloid MPD cells, ACK45 inhibition of KIT does not additively or synergistically reduce the percentage of cells in the S͞G 2 ͞M phase of the cell cycle beyond that of sole BCR-ABL inhibition (Fig. 4A ). ACK45 addition did not induce apoptosis above control cells, and NaPP1 addition induced apoptosis to similar levels as NaPP1 plus ACK45 addition (Fig. 4B) .
We next examined levels of cell cycle and apoptotic regulatory protein expression upon NaPP1 or imatinib mesylate addition in total MPD cells. NaPP1 or imatinib mesylate addition induced the generation of cleaved proapoptotic molecules Caspase 3, Caspase 7, and PARP to similar levels (Fig. 4C) . NaPP1 or imatinib mesylate addition did not lead to significant changes in the levels of proapoptotic molecules BAX and BAD, and antiapoptotic molecules BCL-2 and BCL-X L (Fig. 4C) .
In contrast, imatinib mesylate, but not NaPP1, dramatically reduced levels of the G 1 ͞S phase cell cycle regulator cyclin D2 (Fig. 4C) . Expression of other cell cycle regulators examined were not significantly altered upon imatinib mesylate or NaPP1 , and ACK45 (10 g͞ml) inhibitor concentrations were added in the combinations shown to BCR-ABL T315A-expressing MPD cells every 24 h, and cell cycle analyses were conducted 48 h after inhibitor addition as described in Materials and Methods. (B) Inhibitor concentrations as shown in A were added in combinations shown to BCR-ABL T315A-expressing MPD cells every 24 h, and levels of annexin V staining were measured 48 h after inhibitor addition as described (26) . (C) Concentrations of NaPP1 (2 M) and imatinib mesylate (2 M) were added to BCR-ABL T315A-expressing MPD cells, and levels of examined proteins were measured 6 h after inhibitor addition as described in Materials and Methods. Two separate experiments were conducted in duplicate with similar results. addition (Fig. 4C) . These results suggest that cyclin D2 may be a critical molecule suppressed upon simultaneous BCR-ABL and KIT inhibition to reduce cell cycle progression.
In the Cellular Context of Pro͞Pre B cells, NaPP1 Is Quantitatively and Qualitatively as Effective as Imatinib Mesylate in Suppressing BCR-
ABL-Induced Cell Expansion. In addition to generating CML, BCR-ABL expression accounts for 5-15% of human B-ALL (10) . We first demonstrated that BCR-ABL T315A-expressing primary Pro͞Pre B cells generated an in vivo B-ALL-like disease indistinguishable from BCR-ABL WT (with enlarged spleens and lymph nodes). Cells in the peripheral blood, spleen, and bone marrow of moribund mice were dominated by 50-80% of BCR-ABL-expressing Pro͞Pre B cells characterized by EGFP, BP-1, and B220 expression and lymphoid cell morphology (Fig.  5A and data not shown) .
Inhibition of BCR-ABL T315A activity by NaPP1 or imatinib mesylate suppressed cell expansion at quantitatively similar levels of 6-to 7-fold 48 h after inhibitor addition (Fig. 5B) . Addition of ACK45 and NaPP1 did not quantitatively suppress cell expansion beyond that of cell cultures solely inhibited by NaPP1 (Fig. 5B) . Monospecific inhibition of KIT by ACK45 did not suppress cell growth of BCR-ABL T315A-expressing Pro͞ Pre B cells (Fig. 5B) . Inhibition of additional protein kinases by imatinib mesylate or ACK45 did not increase the level of apoptosis beyond that induced by NaPP1 monospecific inhibition of BCR-ABL T315A in Pro͞Pre B cells (Fig. 5C) .
NaPP1 or imatinib mesylate reduced the percentage of S͞G 2 ͞ M-phase cells from 37-39% to 3-5% 48 h after inhibitor addition (Fig. 5D) . Addition of ACK45 and NaPP1 did not quantitatively reduce the percentage of cells in S͞G 2 ͞M phase of the cell cycle beyond that of cell cultures solely inhibited by NaPP1, and monospecific inhibition of KIT by ACK45 did not reduce the percentage of cells in S͞G 2 ͞M phase of the cell cycle (Fig. 5D) .
In the cellular context of BCR-ABL T315A-expressing Pro͞ Pre B cells, imatinib mesylate, or NaPP1 up-regulated the cleaved proapoptotic protein products Caspase 3 and PARP at quantitatively similar levels without affecting BAX, BAD, BCL-2, and BCL-X L expression (Fig. 5E) . Imatinib mesylate or NaPP1 suppressed cyclin D2 at quantitatively similar levels without significantly altering the expression of cyclin D3, cyclin E, p27KIP, CDK-2, and CDK-4 (Fig. 5E ).
Discussion
Strong evidence for the essential role of BCR-ABL in the Ph ϩ CML and ALL comes from the spectrum of mutations selected in CML patients who become resistant to imatinib mesylate (30, 31) . We examined whether monospecific BCR-ABL inhibition by the drug NaPP1 was as effective as imatinib mesylate in eliminating leukemic cells derived from a BCR-ABL-induced MPD. We demonstrated that NaPP1 and imatinib mesylate were quantitatively equivalent in eliminating BCR-ABL expressing mature myeloid cells. However, NaPP1 was unable to eliminate KIT-positive progenitors, unlike imatinib mesylate. These results suggest that imatinib mesylate's effectiveness in eliminating Ph ϩ CML populations may be due to the drug's ability to suppress multiple signaling pathways required for the survival of distinct leukemic cell populations, in addition to BCR-ABL. Imatinib mesylate treatment is not sufficient to eliminate primitive Ph ϩ hematopoietic stem cells (32, 33) . These findings suggest that inhibition of additional pathways not suppressed by imatinib mesylate will be required to eliminate all Ph ϩ CML clones. KIT signaling has been shown to be essential in normal Pro B and Pro T cell development (34) . BCR-ABL expression accounts for 5-15% of human B-ALL cases (3) . In our murine model, we could not detect KIT expression on the Pro B͞Pre B populations transformed by BCR-ABL. We examined whether the effectiveness of imatinib mesylate in suppressing Ph ϩ B-ALL could be due to the drug's ability in blocking low levels of KIT or other unknown kinases, in addition to BCR-ABL activity. We demonstrated that monospecific BCR-ABL inhibition by NaPP1 was quantitatively as effective as imatinib mesylate in eliminating BCR-ABL-expressing Pro͞Pre B populations. Other oncogenic changes outside the spectrum of imatinib mesylate may contribute to the refractory nature of this disease.
In BCR-ABL-expressing Pro͞Pre B cells, cyclin D2 downregulation correlated with suppression of cell growth and apoptosis. Cyclin D2-deficient bone marrow cells have been shown to be resistant to BCR-ABL-induced Pro͞Pre B cell transformation (35) . Our laboratory has previously demonstrated that overexpression of cyclin D1 complements BCR-ABL transformation (36) . In the cellular context of BCR-ABL MPDexpressing KIT-positive cells, suppression of KIT activity correlated with cell death and cyclin D2 down-regulation. These results suggest that cyclin D2 up-regulation could be a common mechanism used by BCR-ABL-expressing KIT-positive and Pro͞Pre cells for cell growth and survival. A significant percentage of Ph ϩ acute phase CML and B-ALL patients relapse from imatinib mesylate because of mutations in BCR-ABL rendering the protein resistant to drug inhibition. Cyclin D2 induces cell cycle progression by activation of its associated serine kinases CDK4 and -6 (37, 38) . Inactivation of this signaling mechanism may be an effective approach in suppressing disease development in imatinib mesylate-resistant Ph ϩ CML and B-ALL patients.
Recently (unpublished work) demonstrated that the effectiveness of the drug GW400426 in blocking cell growth was due to the inhibitor's ability to simultaneously suppress both CDK1 and PHO85 activity. These results provide further support that the effectiveness of some small molecule kinase inhibitors can be due to multiple targets for inhibition. The use of allele-specific protein kinase drug inhibitory systems can help to identify distinct therapeutic targets for cancer and other diseases.
